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Abstract—A self-started stable tunable mode-locked (ML) 
soliton fiber laser in a linear cavity structure composed by 
commercial passive elements is presented in this paper. It is 
based on the combination of an Erbium doped fiber (EDF) as the 
active medium, and a saturated fiber Bragg grating (FBG) as a 
partial mirror of the cavity. The other side of the cavity consists 
of a semiconductor saturable absorber mirror (SESAM) acting 
also as the mode-locking device. The central wavelength of the 
FBG is selected by the application of axial strain giving rise to a 
tunable soliton over 8.6 nm on the C band with a variable spacing 
of 0.01 nm. The laser delivers 18.9 ps long pulses with a 0.14 nm 
bandwidth, an 8.2 MHz repetition rate, a pulse energy of 89 pJ 
and a peak power of 4.71 W. 
 
Index Terms—Optical fiber lasers, Mode locked lasers, Laser 





N the last decade, passively mode-locked fiber lasers have 
been widely investigated because of the research interest 
and its applications [1-4]. This type of fiber lasers have been 
experimentally demonstrated as an alternative to solid-state 
lasers because of their low cost, compact cavity structure, heat 
dissipation properties, free-alignment and overall high stability 
[5-9]. Furthermore, active mode-locked fiber lasers also 
require additional switching electronics and complex driven 
modulators [10-12]. Particularly, the capability of passively 
mode-locked fiber lasers to generate ultrafast solitons are of 
important interest in practical applications such as optical fiber 
sensing, biomedical diagnostics, material processing, 
nonlinear optics, terahertz generation and ultrahigh speed 
communications [13-15]. In the field of fiber lasers, numerous 
types of techniques have been proposed to achieve soliton 
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generation and operation, namely nonlinear polarization 
rotation, nonlinear optical loop mirror, carbon nanotubes, 
grapheme layer and semiconductor saturable absorber mirrors 
(SESAM) [16-21]. SESAM-based mode-locking is a well-
known technique with technological maturity and wide range 
of applicability in commercial lasers. Moreover, the SESAM 
is more frequently used as a commercial option due to its 
flexibility and high stability, allowing self-starting mode-
locking and ultra-short pulse duration in Erbium-doped and 
Ytterbium-doped fiber lasers [22, 23]. 
 
The different pulse formation mechanisms depend on the 
cavity net dispersion regime and have been widely 
investigated, including conventional soliton (CS), dissipative 
soliton, stretched pulse and self-similar pulse [24-27]. Mode-
locked erbium fiber lasers without additional dispersion 
compensation often operate in the anomalous dispersion 
regime, where the combination of nonlinear effects and 
negative group-velocity dispersion (GVD) generates optical 
solitons [1]. Usually, the conventional soliton has a constant 
phase shift over time, leading to a non-chirp or spectral 
broadening and exhibiting a      temporal profile [28], and it 
operates on picoseconds and sub-picoseconds regime [29, 30]. 
Besides, the conventional soliton lasers operating on stable 
mode locking regime have been deeply researched, giving rise 
to different kinds of mode-locking operation, such as bound-
state solitons, noise-like pulse and high-order harmonic [31, 
32]. Nevertheless, most of research is focused on soliton fiber 
lasers with short length cavities of tens of meters where the 
cavity net dispersion varies between -1 and 1    . 
 
On the other hand, the mentioned saturable absorber 
devices have broadband saturable absorption and can be used 
to achieve tunable ML fiber lasers over the communication 
band of interest [33, 34]. Typically, most of the research about 
tunable erbium-doped ML fiber lasers has been achieved in 
ring cavities, which need additional components as an 
attenuator, interferometer, tunable filter or similar to perform a 
wavelength-tunable ML structure [35, 36]. In comparison with 
ring cavities, linear ones allow much simpler design which 
translates into lower cost. In this sense, fiber Bragg gratings 
can be employed in an all-fiber linear cavity structure with all 
its advantages as free-alignment, low insertion loss and ease of 
handling [37]. For this reason, an FBG has been selected as a 
mirror and as the element of wavelength selection through the 
application of controlled strain in a linear cavity. 
Tunable SESAM-based mode-locked soliton 
fiber laser in linear cavity by axial-strain applied 
to a FBG 
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In the present work, a new linear cavity-based self-started 
tunable mode-locked soliton fiber laser structure is 
experimentally demonstrated. The cavity is constructed by 
employing an FBG as a partial mirror, EDF as the active 
medium, a polarization controller (PC) in combination with 
PM fiber to control the polarization states, and a SESAM as 
the saturable absorber mirror. This structure gives rise to a 
laser cavity with an anomalous group velocity dispersion of    
-0.04464    . Experimental results show a tunable soliton 
spectrum of 0.14 nm of bandwidth due to the narrow filtering 
of the FBG, with a pulse width of 18.9 ps as well as a 
repetition rate, energy pulse and peak power of 8.2 MHz, 89 
pJ and 4.71 W, respectively. The soliton fiber laser operates in 
the C band with a variable spacing of 0.01 nm. This structure 
is simpler than previous ring structures [38, 39] and provides a 
wider tunable band, achieving wavelength control of the 
soliton over an 8.6 nm tunable band through the wavelength 
tuning of the FBG. The proposed fiber laser is totally based on 
commercial passive elements in a simple all-fiber structure, 
which ensures an easy construction at low cost for a tunable 
CS fiber laser. This laser structure is well suited for practical 
applications, such as optical communications or sensors 
multiplexing [40].  
 
II. EXPERIMENTAL SETUP AND PRINCIPLE 
 
The schematic diagram of the proposed ML soliton fiber 
laser is depicted in Fig. 1. The linear cavity consists of a 
saturated FBG, mounted on a manual linear stage, with a 0.32 
nm bandwidth and a reflectivity over 90%, a 6.2 meter-long 
EDF (Liekki Er-30) with an absorption of 30 dB/m at 1530 nm 
and a dispersion coefficient of -9.8 ps·        at 1550 nm 
and a SESAM (Batop GmbH) which is butt-coupled and 
placed in a passive heat sink at the end of the cavity. The 
SESAM has a modulation depth of 15%, a non-saturable loss 
of 10%, a saturation fluence of 70        and a relaxation 
time of 2 ps. The other fibers are 4 meters of single mode fiber 
(SMF-28) and 2.2 meters of polarization maintaining fiber 
(PM-1550HP) with a dispersion parameter of 17 ps·        
and 17.5 ps·        at 1550 nm respectively. The cavity 
includes a PC to adjust the linear birefringence. The EDF is 
pumped by a 980 nm laser diode (LD) with an optical power 
of 500 mW via a 980/1550 nm wavelength division 
multiplexer (WDM). A 980 nm isolator is coupled between 
the LD and the WDM to suppress the possible back reflections 
protecting the pump source. The common port of the WDM is 
connected to an electric spectrum analyzer (ESA) through a 
photo-receiver with a bandwidth of 1 GHz (New-focus 1611). 
The 90% port of a 90/10 fiber-fuse optical coupler (OC) is 
engaged to feedback into the linear cavity while the 10% port 
provides the laser output. The output signal is divided by a 
50/50 coupler to an optical spectrum analyzer (OSA) and an 
oscilloscope to monitor the output laser simultaneously. The 
OSA (ADVQ8384) with a 0.02 nm resolution and the 
oscilloscope (Infiniium DCA-J 86100C) with a 65 Ghz optical 
bandwidth are used for spectral and temporal analysis of the 
ML fiber laser respectively. The ESA (R&S FPS) in 
combination with the photo-receiver is used to obtain the RF 
spectrum of the soliton fiber laser. An EXFO FPM-300 power 
meter has been used to measure the laser output.  
 
Fig.1 Schematic diagram of the experimental setup for the tunable 
mode-locked soliton fiber laser 
 
The structure shown in Fig.1 allows soliton generation 
through forward pumping of the EDF in a cavity of 12.4 
meters-long with an anomalous net dispersion regime of -
0.04464    . Similar ring cavity structures of solitons with 
these values of anomalous net dispersion have been previously 
achieved [41, 42].The total net dispersion of the cavity is 
estimated using the method in [28, 43] and is determined by 
the N-order position of the Kelly sidebands from the center 
wavelength of the ML soliton. This theoretical value has been 
calculated by (1): 
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where     is the wavelength distance from the Kelly 
sideband position to the central wavelength, N is the sideband 
order,    is the soliton central wavelength, c is the speed of 
light in vacuum, D is the dispersion parameter, L is the cavity 
length and   is the soliton pulse width. The wavelength 
emission is determined by the saturated FBG shown in Fig.2. 
This saturated FBG has a broadened spectrum and a flattened 
peak which easily-drive the soliton generation process at 
lower pump powers, unlike conventional FBGs with narrow 
bandwidth and sharpened peak. The pulse duration of the 
soliton is limited by the reflection bandwidth of the FBG and 
it has been employed not only as a wavelength-selector, but 
also implies a spectral filtering effect. The self-started ML 
soliton is easily obtained by controlling the rotation of the PC 
and matching the polarization state that leads to a stabilized 
pulsed laser.  
 
Fig.2 Optical spectrum of the saturated FBG  
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The ML soliton tunability is achieved by the wavelength 
selection variability of the FBG through the application on 
controlled axial-strain as in [44]. The manual linear stage is 
used to position and strain the FBG. This manner, the 
wavelength of the pulsed fiber laser is setting, performing a 
tunable soliton whose temporal characteristics are hardly 
affected by the spectral shift. Only the extremely low changes 
in the dispersion parameter through the variability of the 
wavelength emission generate little differences in the temporal 
pulse width of the laser (which are negligible). The self-
starting condition, the temporal response and the spectral 
distribution of ML soliton are maintained through the tunable 
band and have been experimentally contrasted. 
 
III. RESULTS AND DISCUSSION. 
 
In this experimental setup, continuous wave (CW) operation 
has been realized at 10.2 mW of pump power. The single 
pulse self-started ML soliton operation can be observed when 
the pump power is 29.6 mW by appropriately adjusting the 
polarization state of the linear cavity through the PC. The 
soliton output spectrum is shown in Fig.3a) when the pump 
power is ∿40 mW and is centered at 1558.4 nm. The CS 
bandwidth is only ∿0.14 nm and is limited by the reflection 
spectrum of the FBG. As it can be seen, the soliton spectrum 
exhibits the typical Kelly sidebands only in one side, because 
the filtering of the FBG cuts off the spectrum. Accordingly, 
the generation of the sidebands is suppressed [45]. The 
average output power of the pulses is about 0.73 mW and the 
ouput pulse energy is calculated to be 89 pJ. Fig.3b) illustrates 
the corresponding temporal trace of the soliton. The full width 
at half maximum (FWHM) is 28.9 ps and the corresponding 
      fit profile yields an estimated pulse duration of 18.9 ps. 
The time bandwidth product (TBP) is close to the transform 
limit (0.315) of      -shaped pulse with a value of 0.327 
indicating that the pulse is nearly free-chirp because of the 
short anomalous net dispersion. The pulse train can be 
observed in the oscilloscope trace of Fig.3c). The separation 
between adjacent pulses is 121.95 ns, which corresponds to 
the round trip time of the cavity and a repetition rate of 8.2 
MHz. Fig 3d) illustrates the RF spectrum of the ML soliton 
laser measured under a bandwidth resolution of 10 KHz. The 
fundamental repetition rate is determined by the 12.4 meters-
long cavity and the theoretical result is calculated in (2): 
 
     = 
 
    
                           (2) 
 
where L is the total length of the cavity, c is the speed of light 
in vacuum and n is the effective refractive index of the fiber. 
The signal-to-noise ratio (SNR) of the RF spectrum is ∿50 dB, 
which indicates a good mode-locking stability. No spectrum 
modulation is observed in the ∿350 MHz wideband RF 
spectrum shown in Fig.3d), implying no Q-switching 
instabilities
 
Fig.3 a) Optical spectrum, b) temporal trace, c) oscilloscope trace and d) RF spectrum of CS in the ML fiber laser. 
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Fig.4 a) Optical output spectra and b) temporal traces of the ML soliton centered at 1558.4 nm for different pump powers
 
Fig. 4a) shows the output spectra of the ML soliton fiber 
laser for different pump powers. As it can be seen, the shapes 
of the laser in the optical domain barely change in the optical 
spectrum. The FWHM of the laser remains almost constant 
with increased pump power, despite of the improved optical 
gain of the oscillator and the increase of synchronized 
resonating modes [20]. Furthermore, the selected erbium-
doped fiber generates a gain bandwidth that reaches its 
maximum with a pumping power of ∿80 mW. The laser 
output peak power of the different sampled spectra has also 
been measured showing liner changes. The central wavelength 
emission fixed and strain-controlled by the FBG keeps 
unchanged with increasing power.  
 
The temporal traces of the ML soliton corresponding to 
their optical spectra are depicted in Fig. 4b). As it can be 
observed, the pulse duration of the different sampled CS 
remains almost constant and its variation is inversely 
proportional to its spectral widening. As the limit of the stable 
ML range approaches, a slight broadening in the frontal tail of 
the pulse is observed. This phenomenon is mainly due to two 
reasons: the first is related to the temporal behavior of 
SESAM. The temporal relaxation of SESAM is approximately 




Fig.5 Optical average output power and pulse duration of the ML soliton over 
the whole stable ML regime. 
 
This effect could broaden the pulses, but in this case, the 
spectral filtering of the FBG induces a greater temporal 
broadening than the one produced by the bi-temporal behavior 
of the SESAM, keeping it temporary imperceptible. Another 
reason is the frequency chirp nonlinearities derived from the 
increase of the peak power where the balance between 
nonlinear-effects and dispersion is perturbed [47]. Moreover, 
when the SESAM is reaching the limit of the ML stable 
regime, the pulses become noisy just before entering in the 
multi-pulse operation regime. This could be due to unstable 
excitation of higher order solitons by amplitude fluctuations or 
because of the beating between the pulse and optical noise 
from the erbium-doped fiber amplifier [48]. As shown in 
Fig.4b) the pulses measured at 54.9 mW and 60.5 mW are a 
little bit noisy and slightly broadened because of the effects 
mentioned before. To contribute to the research, the average 
output power and pulse duration of the soliton fiber laser for 
the different pumping powers in the stable ML regime is 
illustrated in Fig.5. The linear fitting of the red colored 
average output power implies a linear relationship with the 
pump power, and the efficiency of the ML laser has been 
measured to be 2.4%. This is restricted by the losses of the 
cavity and could be optimized through the selection of a high-
doped erbium fiber. The maximum average output power in 
stable operation obtained in this experimental setup is 1.196 
mW and it is limited by the parameters of the SESAM and its 
photo-damage threshold. On the other hand, the pulse duration 
is depicted in blue color and shows the changing tendency of 
the temporal response of the laser. As it can be observed, 
when the pump power is over 29.6 mW and the laser goes into 
ML regime, the single pulse duration is 19.4 ps and decays to 
18.9 ps in the pump power range from 41 mW to 50 mW. This 
temporal behavior is due to the spectral broadening occurred 
with the increased pump power, so the pulse duration 
narrowing process of the laser is inversely proportional to its 
spectral broadening. When the pump power is over 50 mW, 
the pulse duration broadens from 18.9 ps to 19.8 ps due to 
aforementioned frequency chirp nonlinearities. 
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Fig.6. Tunable range of the optical output of the ML soliton fiber laser. 
 
The output spectra of the wavelength tunable ML soliton 
fiber laser are represented in Fig.6. The OSNR, the pulse 
duration and the spectral width of the pulsed laser are almost 
unchanged through the whole tunable range, showing a value 
of ∿40 dB, ∿19 ps and ∿0.14 nm respectively, indicating the 
stability of the output laser. The mode-locking self-started 
condition is maintained through the tunable range without 
modifying the polarization state of the cavity using the PC. 
The measured wavelength range from 1558.4 nm to 1567 nm 
presents a tunable soliton laser over an 8.6 nm band with a 
variable spacing of 0.01 nm. The wavelength is selected 
through the variation of strain applied to the FBG which is 
positioned at a mechanical linear stage. This linear stage 
contains two micro-positioners placed on an optical table that 
allow strain-control with 0.1 µm precision. In this manner, the 
experimental setup is able to shift the wavelength emission of 
the laser by varying the axial-strain applied to the FBG, being 
the wavelength range limited by the rupture of the fiber 
grating. Previous works on ring structures present different 
tunable structures but offer some restrictions. One of the main 
limitations is the dependence of using different passive 
devices as interferometers or band-pass filters to achieve the 
tunable lasing, increasing the cost of the structure. The 
presented experimental set-up can provide ∿9 nm optical band 
range for the tunable ML soliton emission in a very simple and 
easy to handle structure. The tuning interval can be swept 
across the entire C-band selecting the suitable FBG, taking 





A self-started stable tunable ML soliton fiber laser in linear 
cavity has been proposed and demonstrated by combining a 
conventional EDFA with a SESAM to generate mode-locking 
and an FBG for wavelength emission tuning. The overall 
tunable range in this experiment is 8.6 nm and has been 
achieved via adjusting mechanical strain applied to an FBG 
(1558.4 –1567 nm). This range could be increased up to about 
∿18 nm, by means of using an additional FBG in cascade with 
the previous one and a polarization controller between the two 
fiber gratings in order to adjust cavity losses at different 
wavelengths [49]. The herein described ML soliton fiber laser 
has low power threshold less than 30 mW, high SNR up to 50 
dB, as well as a pulse duration of 18.9 ps, a repetition rate of 
8.2 MHz, a pulse energy of 89 pJ and a peak power of 4.71 W. 
This all-fiber system has as advantages a lower cost of 
implementation as well as a wider tunable bandwidth when 
compared to other ring configurations based on axial-strain 
applied to an FBG. This compact and simple structure is based 
on commercial passive devices and is appealing for its 
practical applications, particularly fiber-optics sensing, 
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